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Abstract of JP200331 5988 

PROBLEM TO BE SOLVED: To materialize 
micro-fabrication of high resolution without using 
costly irradiation apparatus for electron beams, 
ion beams, etc. 

SOLUTION: A resist layer including the 
incomplete oxide of transition metal like W or Mo 
is pattered to prescribed shapes by selectively 
exposing and developing the layer. The 
incomplete oxide of the transition metal described 
above refers to a compound deviated to a 
direction where the oxygen content is lower than 
that of the stoichiometric composition meeting the 
valence that the transition metal can take, i.e., 
the compound having the oxygen content in the 
incomplete oxide of the transition metal lower 
than the oxygen content of the stoichiometric 
composition meeting the valence that the 
transition metal can take. 
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RESIST MATERIAL AND MICRO-FABRICATION METHOD 



Description of corresponding document: 
EP1 477847 



Technical Field 



[0001] The present invention relates to inorganic resist materials and nanofabrication methods with the 
resist materials and, particularly, to a resist material and a nanofabrication method allowing high-precision 
nanofabrication with an exposure source over ultraviolet to visible light region. 



Background Art 



[0002] The latest lithography for nanofabrication in, for example, semiconductors, optical devices, and 
magnetic devices requires patterning precision on the order of tens of nanometers or less. To achieve such 
high-precision patterning, intensive development has been made in various fields such as light sources, 
resist materials, and steppers. 

[0003] Effective approaches to enhance the dimensional precision of nanofabrication include use of shorter 
wavelengths and convergent electron or ion beams in an exposure source. However, short-wavelength 
exposure sources and convergent electron or ion beam irradiation sources are so expensive that these 
sources are unsuitable for providing less expensive devices. 

[0004] To enhance the dimensional precision of machining with the same exposure source as that in 
exposure apparatuses currently in use, other approaches have been proposed such as improvements in 
illumination methods and use of a special mask referred to as a phase shift mask. Further approaches have 
been attempted which include methods with a multilayer resist or an inorganic resist. 

[0005] An exposure method has generally been employed which involves organic resists such as novolac 
resists and chemically amplified resists with ultraviolet light as an exposure source. Organic resists, which 
are versatile, have extensively been used in the field of lithography. However, their large molecular weight 
results in an unclear pattern at the boundary between exposed and unexposed areas. This is 
disadvantageous from the viewpoint of enhancing the precision of nanofabrication. 

[0006] In contrast, inorganic resists, which have a low molecular weight, provide a clear pattern at the 
boundary between exposed and unexposed areas, and have the possibility of achieving high-precision 
nanofabrication compared to organic resists. For example, Jpn. J. Appl. Phys., Vol. 30 (1991), p. 3246 
introduces a nanofabrication method with, for example, Mo03 or W03 as a resist material and ion beams 
as an exposure source; and Jpn. J. Appl. Phys., Vol. 35 (1996), p. 6673 introduces a method with Si02 as 
a resist material and electron beams as an exposure source. Furthermore, SPIE, Vol. 3424 (1998), p. 20 
introduces a method with chalcogenide glass as a resist material and 476 and 532 nm lasers and ultraviolet 
light from a mercury-xenon lamp as exposure sources. 

[0007] The use of electron beams as an exposure source can be combined with many kinds of inorganic 
resist materials, as described above, while only chalcogenide has been reported as a material 
corresponding to ultraviolet or visible light. The reason is that inorganic resist materials proposed other than 
chalcogenide that are transparent to ultraviolet or visible light have significantly low absorbance, which is 
unsuitable for practical use. 

[0008] Chalcogenide has the advantage of allowing ultraviolet or visible light and therefore exposure 
apparatuses currently in use, but has the problem of containing some agents harmful to humans, such as 
Ag2S3, Ag-As2S3, and Ag2Se-GeSe. 

[0009] On the other hand, photolithography with ultraviolet or visible light are extensively applied to the 
manufacture of various devices such as semiconductor devices, such as dynamic random access memory 
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(DRAM), flash memory, central processing units (CPUs), and application specific ICs (ASICs); magnetic 
devices, such as magnetic heads; displays, such as liquid crystal displays, electroluminescent (EL) 
displays, and plasma display panels (PDPs); optical devices, such as optical recording media and optical 
modulation elements. Examples of these devices are compact discs (CD, which is a registered trademark), 
which are read-only optical discs as typified by DVDs. The structure of an optical disc will be described 
below. 

[0010] An optical disc essentially includes an optically transparent substrate of, for example, polycarbonate, 
which has a main surface with a fine irregular pattern of, for example, pits and grooves representing 
information signals. The main surface is covered with a thin reflective film of a metal such as aluminum, 
which is further covered with a protective film. 

[001 1] Such a fine irregular pattern on the optical disc is formed with a stamper having a high-precision fine 
irregular pattern through a process of transferring the pattern onto the substrate faithfully and readily. A 
method for preparing the stamper will be described below. 

[0012] For example, a glass substrate with a sufficiently smooth surface is disposed on a rotating platform. 
A photoresist, which is photosensitive, is applied onto the glass substrate rotating at a predetermined 
rotational speed. The rotation spreads the photoresist over the glass substrate, so that the glass substrate 
is entirely spincoated. The photoresist is exposed to recording laser light in a predetermined pattern to form 
a latent image corresponding to information signals. The photoresist is then developed with a developer to 
remove an exposed or unexposed area, thereby providing a resist master with the predetermined irregular 
pattern of the photoresist. Metal is further deposited on the irregular pattern of the resist master by a 
process such as electroplating to transfer the irregular pattern to the metal. The metal, which is a stamper, 
is separated from the resist master. 

[0013] The stamper is used to duplicate a large number of substrates made of thermoplastic resin, such as 
polycarbonate, by known transferring processes such as injection molding. Each of the substrates is then 
covered with, for example, a reflective film and a protective film to complete an optical disc. 

[0014] The capacity of information recordable on the optical disc depends on the density of pits or grooves 
that can be formed. In other words, the capacity of information recordable on the optical disc depends on 
the fineness of the irregular pattern formed by cutting, namely, exposing a resist layer to laser light to form 
a latent image. 

[0015] For example, a stamper for read-only DVDs (DVD-ROMs) has a spiral pit string with a minimum pit 
length of 0.4 mu m and a track pitch of 0.74 mu m. An optical disc 12 cm in diameter, produced with a 
stamper as a mold, has an information capacity of 4.7 GB per side. 

[0016] Production of optical discs with such a structure requires a resist master prepared by a lithography 
process using a laser with a wavelength of 41 3 nm and an objective lens with a numerical aperture (NA) of 
approximately 0.90 (for example, 0.95). 

[0017] With the current rapid progress in information and communication technology and image-processing 
technology, . optical discs as described above are facing the task of achieving a recording capacity several 
times higher than the current capacity. For example, next-generation optical discs with a diameter of 12 cm, 
an extension of digital videodiscs, are required to attain an information capacity of 25 GB per side by 
conventional signal processing. To meet this requirement, the minimum pit length and track pitch of the 
optical discs must be reduced to approximately 0.17 mu m and 0.32 mu m, respectively. 

[0018] The minimum pit length P ( mu m) in exposure is represented by equation (1) below: 
"(1)"P = K. lambda /NA 

where lambda ( mu m) represents the wavelength of the light source; NA represents the numerical aperture 
of the objective lens; and K represents a proportional constant. 

[0019] The wavelength lambda of a light source and the numerical aperture NA of an objective lens are 
parameters depending on the specification of a laser apparatus. The proportional constant K is a parameter 
depending on a combination of the laser apparatus and the resist layer. 

[0020] In the production of the above optical discs, such as DVDs, setting the wavelength to 0.413 mu m 
and the numerical aperture NA to 0.90 leads to a minimum pit length of 0.40 mu m, then providing a 
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proportional constant K of 0.87 from equation (1) above. 

[0021] In general, a shorter laser wavelength is effective to achieve the fine pit described above. That is, in 
the case of the same proportional constant K and, for example, NA=0.95, a light source with a laser 
wavelength lambda of 0.18 mu m is required to provide the minimum pit length of approximately 0.17 mu m, 
which is necessary for high-density optical discs with a recording capacity of 25 GB per side. 

[0022] The wavelength of 0.18 mu m required in this case is shorter than a wavelength of 193 nm of an ArF 
laser, which is being developed as a light source for next-generation semiconductor lithography. An 
exposure apparatus achieving such a short wavelength requires special optical components, such as the 
lens, as well as a special laser as a light source, thus becoming extremely expensive. In increasing the 
optical resolution to address nanofabrication, an approach based on a shorter exposure wavelength lambda 
and a larger numerical aperture NA is quite unsuitable for production of inexpensive devices due to the 
following reason: this approach inevitably requires the replacement of the exposure apparatuses currently 
in use with expensive exposure apparatuses because the exposure apparatus in use cannot keep up with 
the advances in nanofabrication. 

[0023] The present invention is proposed to solve such conventional problems. An object of the present 
invention is to provide a resist material allowing high-precision nanofabrication without an expensive 
irradiating apparatus using, for example, electron beams or ion beams. Another object of the present 
invention is to provide a nanofabrication method allowing finer processing with exposure apparatuses 
currently in use and the resist material. 



Disclosure of Invention 



[0024] As described above, completely oxidized transition metals such as Mo03 and W03 are 
conventionally used as a resist material. These metals, however, present difficulty in nanofabrication by 
exposure with ultraviolet or visible light because these metals are transparent to ultraviolet or visible light to 
exhibit significantly low absorption. 

[0025] As a result of study on this problem, the present inventors have found the possibility of applying 
transition metal oxides to a resist material and a nanofabrication method. When the oxygen content of a 
transition metal oxide even slightly deviates from the stoichiometric oxygen content, the oxide absorbs a 
large amount of ultraviolet or visible light, which changes the chemical characteristics of the oxide. This 
change increases the proportional constant K in equation (1) above to reduce the minimum pit length P. 

[0026] The resist material according to the present invention has been invented based on the above 
knowledge. The resist material includes an incompletely oxidized transition metal having an oxygen content 
lower than the stoichiometric oxygen content corresponding to a possible valence of the transition metal. 

[0027] The nanofabrication method according to the present invention includes the steps of depositing a 
resist layer of a resist material including an incompletely oxidized transition metal having an oxygen content 
lower than the stoichiometric oxygen content corresponding to a possible valence of the transition metal on 
a substrate; exposing the resist layer selectively; and developing the resist layer to be patterned into a 
predetermined form. 

[0028] The incompletely oxidized transition metal herein is defined as a compound having an oxygen 
content deviated to a lower content than the stoichiometric oxygen content corresponding to a possible 
valence of the transition metal. In other words, the compound has an oxygen content lower than the 
stoichiometric oxygen content corresponding to a possible valence of the transition metal. 

[0029] An incomplete oxide containing plural kinds of transition metals probably have a crystal structure in 
which one transition metal atoms are partially replaced with the other transition metal atoms. Such an oxide 
is determined to be incomplete according to whether the transition metals have oxygen contents lower than 
their possible stoichiometric oxygen contents. 

[0030] The incompletely oxidized transition metal used as the resist material of the present invention 
absorbs ultraviolet or visible light to allow exposure without a special exposure source using, for example, 
electron beams or ion beams. Furthermore, the incompletely oxidized transition metal is a low molecular 
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metal to provide a clearer boundary between unexposed and exposed areas than a polymeric organic 
resist. This transition metal can be used as a resist material to provide a high-precision resist pattern. 



Brief Description of the Drawings 



Fig. 1 is a block diagram of an exposure apparatus used in a nanofabrication method according to the 
present invention. 

Fig. 2 is a characteristic diagram indicating the relationship between the irradiation power of a light source 
for exposure and the difference in etching rate between exposed and unexposed areas in exposing a resist 
layer of a resist material of the present invention. 

Figs. 3A to 3C are characteristic diagrams showing examples of irradiation patterns in the exposure 
process. Figs. 3A and 3B show examples of irradiation pulses; Fig. 3C shows an example of continuous 
light. 

Figs. 4A to 4D are schematic sectional views illustrating the relevant part of a two-layer resist process. Fig. 
4A illustrates the step of depositing first and second resist layers; Fig. 4B illustrates the step of patterning 
the first resist layer; Fig. 4C illustrates the step of etching the second resist layer; and Fig. 4D illustrates the 
step of removing the first resist layer. 

Fig. 5 is a photograph observed by SEM and showing a developed resist layer of incompletely oxidized 
tungsten. 

Fig. 6 is a photograph observed by SEM and showing a developed resist layer of incompletely oxidized 
molybdenum. 

Fig. 7 is a process chart of producing an optical disc by a nanofabrication method according to the present 
invention. 

Fig. 8 is a photograph observed by SEM and showing a developed resist layer of incompletely oxidized 
tungsten and molybdenum. 

Fig. 9 is a photograph showing a pit pattern on a surface of an optical disc with a recording capacity of 25 
GB produced in Example 3. 

Figs. 10A to 10C are photographs showing the signal evaluation of the optical disc with a recording 
capacity of 25 GB produced in Example 3. 



Best Mode for Carrying Out the Invention 



[0032] A resist material and a nanofabrication method according to the present invention will now be 
described in detail with reference to the drawings. 

[0033] The resist material according to the present invention is an incompletely oxidized transition metal. 
Herein the incompletely oxidized transition metal is defined as a compound having an oxygen content 
deviated to a lower content from the stoichiometric oxygen content corresponding to a possible valence of 
the transition metal. In other words, the incompletely oxidized transition metal is defined as a compound 
having an oxygen content lower than the stoichiometric oxygen content corresponding to a possible 
valence of the transition metal. 

[0034] The oxidized transition metal will now be exemplified by chemical formula Mo03. When the oxidation 
state of the chemical formula Mo03 is represented by composition Mo1-xOx, x=0.75 indicates a complete 
oxide whereas 0<x<0.75 indicates an incomplete oxide having an oxygen content lower than the 
stoichiometric oxygen content. 

[0035] Some transition metals can form oxides with different valences. For such metals, the present 
invention is limited to incompletely oxidized transition metals having an actual oxygen content lower than 
the stoichiometric oxygen content corresponding to the possible valences of the transition metals. For 
example, molybdenum oxide is most stable in the trivalent state (Mo03) described above, and can also be 
present in the monovalent state (MoO). When MoO is represented by composition Mo1-xOx, 0<x<0.5 
indicates an incomplete oxide having an oxygen content lower than the stoichiometric oxygen content. The 
valences of the transition metal oxides can be analyzed with commercially available analytical instruments. 
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[0036] These incompletely oxidized transition metals absorb ultraviolet or visible light to change their 
chemical characteristics by the irradiation of ultraviolet or visible light. This change causes selectivity in the 
resist, that is, a difference in etching rate between exposed and unexposed areas during the developing 
step, although the resist is an inorganic resist (this will be described below in detail). In addition, particles in 
a resist material film of an incompletely oxidized transition metal are so small as to provide a clear pattern 
at the boundary between exposed and unexposed areas, resulting in high resolution. 

[0037] The incompletely oxidized transition metals change their characteristics as a resist material 
according to the degree of oxidation. Thus, the optimum degree of oxidation may be selected in each case. 
For example, an incompletely oxidized transition metal having an oxygen content much lower than the 
stoichiometric oxygen content of the transition metal oxidized completely has disadvantages such as higher 
irradiation power for the exposure step and a longer developing time. Therefore, the incompletely oxidized 
transition metal preferably has an oxygen content slightly lower than the stoichiometric oxygen content of 
the transition metal oxidized completely. 

[0038] Examples of transition metals for the resist material include Ti, V, Cr, Mn, Fe, Nb, Cu, Ni, Co, Mo, 
Ta, W, Zr, Ru, and Ag. Among these, Mo, W, Cr, Fe, and Nb are preferable. Furthermore, Mo and W are 
more preferable in that significant changes occur by ultraviolet or visible light. 

[0039] In the present invention, the incomplete oxide may contain one, two, three or more transition metals, 
or another element except transition metals. In particular, the incomplete oxide preferably contains plural 
kinds of metal elements. 

[0040] When the incomplete oxide contains not only one but also two or three or more transition metals, the 
incomplete oxide probably has a crystal structure in which one transition metal atoms are partially replaced 
with the other transition metal atoms. Such an oxide is determined to be incomplete according to whether 
the transition metals have oxygen contents lower than their possible stoichiometric oxygen contents. 

[0041] Available elements except transition metals include Al, C, B, Si, and Ge, and at least one of these 
elements can be used. A combination of two or more kinds of transition metals or addition of an element 
other than transition metals provides an incompletely oxidized transition metal containing smaller crystal 
particles. This forms a clearer boundary between exposed and unexposed areas, leading to significant 
increases in resolution and exposure sensitivity. 

[0042] The above resist materials may be prepared by sputtering in an Ar+02 atmosphere with a target 
containing a predetermined transition metal. For example, the flow rate of 02 into a chamber is set to 5% to 
20% of the total gas flow rate, and the gas pressure is set to 1 to 10 Pa, which are employed in normal 
sputtering. 

[0043] Next, a nanofabrication method using the above resist materials will be described. 

[0044] The nanofabrication method of the present invention, for example, includes the steps of depositing a 
resist material of an incompletely oxidized transition metal on a substrate to form a resist layer; exposing 
the resist layer selectively; and developing the resist layer to form a predetermined pattern. An example will 
now be described in which the nanofabrication method of the present invention is applied to a cutting step 
of a resist master for optical discs. Of course, the nanofabrication method of the present invention is not 
limited to the following example and is also applicable to nanofabrication of various electronic devices such 
as semiconductor devices, optical devices, displays, and magnetic devices. 



[Step of Forming Resist Layer] 



[0045] A resist layer of an incompletely oxidized transition metal is deposited on a sufficiently smooth 
surface of a substrate. Depositing methods include, for example, sputtering in an argon-oxygen atmosphere 
using a sputtering target of an elemental transition metal. This method can control the degree of oxidation 
of an incompletely oxidized transition metal by changing the concentration of oxygen gas in a vacuum 
atmosphere. An incompletely oxidized transition metal containing two or more kinds of transition metals 
may be deposited by sputtering while the substrate is constantly rotated over different kinds of sputtering 
targets to mix the different transition metals. The individual charging powers of the sputtering targets can be 
changed to control the mixture ratio. 
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[0046] In addition to the above sputtering in an oxygen atmosphere using a metal target, a resist layer of an 
incompletely oxidized transition metal may be deposited by sputtering in a normal argon atmosphere using 
a target of an incompletely oxidized transition metal containing a desirable amount of oxygen. 

[0047] Furthermore, a resist layer of an incompletely oxidized transition metal can readily be deposited by 
evaporation, as well as sputtering. 

[0048] The substrate may be composed of, for example, glass, plastic such as polycarbonate, silicon, 
alumina-titanium carbide, or nickel. 

[0049] The resist layer may have any thickness. For example, the resist layer may have a thickness within 
the range of 10 to 80 nm. 



[Step of Exposing Resist Layer] 

[0050] The substrate covered with a resist layer (hereinafter referred to as a resist substrate 1) is disposed 
on a turntable 1 1 of an exposure apparatus showed in Fig. 1 such that the surface having the resist layer 
faces upward. 

[0051] This exposure apparatus has a beam source 12, which emits, for example, laser light capable of 
exposing the resist layer. The laser light is focused through a collimator lens 13, a beam splitter 14, and an 
objective lens 1 5 to be incident on the resist layer of the resist substrate 1 . The light reflected by the resist 
substrate 1 is then focused through the beam splitter 14 and a focusing lens 16 onto a separate 
photodetector 17. The separate photodetector 17 detects the light reflected by the resist substrate 1 to 
generate focus error signals 18 from the detection results and send the focus error signal 18 to a focus 
actuator 19. The focus actuator 19 controls the vertical position of the objective lens 15. The turntable 1 1 
has a feed mechanism (not shown in the drawing), which can precisely change the exposure position of the 
resist substrate 1. A laser drive circuit 23 controls the beam source 12 according to data signals 20, 
reflected light intensity signals 21 , and tracking error signals 22 to perform exposure or focusing. A spindle 
motor control system 24 is provided on the central axis of the turntable 1 1 . The spindle motor control 
system 24 determines the optimum spindle rotational speed according to the radial position of the optical 
system and a desired linear velocity to control the spindle motor. 

[0052] In the conventional step of exposing a resist layer of an organic resist, focusing on the resist layer is 
not performed with a light source for exposure itself. An organic resist has chemical characteristics that 
change continuously by exposure; even weak light for focusing is unnecessarily reflected to expose the 
organic resist layer. Therefore, focusing is performed with an additional light source insensitive to an 
organic layer, for example, a red light source with a wavelength of 633 nm. The conventional exposure 
apparatus for organic resists, including two light sources of different wavelengths, requires an optical 
system for separating light beams of different wavelengths, and thus has drawbacks such as extreme 
complexity and higher costs. Moreover, in the conventional exposure apparatus for organic resists, the 
resolution of the focus error signals for vertical position control of the objective lens is proportional to the 
wavelength of the light source for detection (for example, a wavelength of 633 nm). The conventional 
exposure apparatus, therefore, cannot provide a resolution as yielded by the light source for exposure, thus 
precluding high-precision and stable focusing. 

[0053] On the other hand, an inorganic resist material of the present invention exhibits a steep change in 
chemical characteristic by exposure, as shown in Fig. 2, which indicates the relation between the irradiation 
power of the light source for exposure and the difference in etching rate between exposed and unexposed 
areas (contrast). In other words, an exposure source does not unnecessarily expose the inorganic resist in 
irradiation power below an irradiation threshold power P0 at which the exposure starts, even if the 
irradiation is repeated. This permits focusing with an exposure source of irradiation power below P0. The 
nanofabrication method of the present invention, therefore, eliminates use of the optical system for 
separating laser beams of different wavelengths to offer a low-cost exposure apparatus and high-precision 
focusing corresponding to the exposure wavelength, thus leading to precise nanofabrication. In addition, 
the inorganic resist material of the present invention, which is not exposed by weak light below the 
irradiation threshold power P0, does not need to block ultraviolet light from room lighting, unlike normal 
processes for organic resists. 
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[0054] After focusing light below the irradiation threshold power P0 as described above, the turntable 1 1 is 
moved to a desired radial position. In this case, the turntable 1 1 is moved to change the exposure position 
on the resist substrate 1 while the position of the optical system including the objective lens 15 is fixed 
across the plane. Alternatively, the position of the optical system may be changed while the turntable 1 1 
holding the resist substrate 1 is fixed. 

[0055] The beam source 12 emits laser light while the turntable 1 1 is rotated to expose the resist layer. This 
exposure forms a latent image of fine irregularities, which is a spiral groove in recording discs, by moving 
the rotating turntable 1 1 continuously at a low rate across the radius of the resist substrate 1. In optical 
discs, meandering irregular pits and grooves for information data are formed as the latent image of fine 
irregularities. For production of discs having concentric tracks, such as magnetic hard discs, the turntable 
1 1 or the optical system is moved stepwise not continuously. 

[0056] Under the above settings, the beam source 12 emits pulsed or continuous light having a desired 
power not less than the irradiation threshold power P0 and corresponding to pits or grooves according to 
information data to expose the resist layer sequentially from a desired position of the resist substrate 1 . 
Examples of the pulsed light are shown in Figs. 3A and 3B; an example of the continuous light is shown in 
Fig. 3C. 

[0057] The resist materials of incompletely oxidized transition metals according to the present invention 
undergo a change in chemical characteristic by irradiation of ultraviolet or visible light having the irradiation 
threshold power P0 or more to produce selectivity, that is, a difference in etching rate to alkali or acid 
between exposed and unexposed areas. 

[0058] As the irradiation power decreases, a shorter and narrower pit can be formed, although extremely 
low irradiation power closing to the irradiation threshold power impairs stable pattern formation. Therefore, 
the exposure requires the optimum irradiation power in each case. 

[0059] The present inventors actually confirmed that the selectivity was provided by a combination of the 
resist material of the present invention and exposure using a red semiconductor laser with a wavelength of 
660 nm and a mercury lamp with peaks at wavelengths of about 185 nm, 254 nm, and 405 nm to form a 
fine pit pattern. 



[Step Of Developing Resist Layer] 



[0060] After the pattern exposure, the resist substrate 1 is developed to form a resist master for optical 
discs. This resist master has fine irregularities of pits and grooves corresponding to the predetermined 
exposure pattern. 

[0061] In development, a wet process using a liquid such as acids or alkalis provides the selectivity. The 
liquid can be properly selected depending on, for example, the purpose, application, and apparatus. 
Examples of alkaline developers for the wet process include a tetramethylammonium hydroxide solution 
and inorganic alkaline aqueous solutions containing, for example, KOH, NaOH, and Na2C03; examples of 
acid developers for the wet process include hydrochloric acid, nitric acid, sulfuric acid, and phosphoric acid. 
In addition to the wet process, the present inventors confirmed that development can be achieved through a 
dry process such as plasma etching or reactive ion etching (RIE) by controlling the kinds and mixing ratio of 
gases. 

[0062] A method for controlling the exposure sensitivity will now be described. For example, in terms of 
composition W1-xOx, a transition metal oxide represented by chemical formula W03 exhibits high 
exposure sensitivity for a range of 0.1 <x<0.75, wherein x=0.1 indicates a critical value which causes 
disadvantages such as a larger irradiation power necessary for the exposure step and a longer time for 
development. The highest exposure sensitivity is achieved by x in the range of about 0.4 to 0.7. 

[0063] In terms of composition Mo1-xOx, a transition metal oxide represented by chemical formula Mo03 
exhibits high exposure sensitivity for a range of 0.1<x<0.75, wherein x=0.1 indicates a critical value which 
causes disadvantages such as a larger irradiation power necessary for the exposure step and a longer time 
for development. The highest exposure sensitivity is achieved by x in the range of about 0.4 to 0.7. 
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[0064] In terms of composition Mo1-xOx, a transition metal oxide represented by chemical formula MoO 
exhibits high exposure sensitivity for a range of 0,1<x<0.5, wherein x=0.1 indicates a critical value which 
causes disadvantages such as a larger irradiation power necessary for the exposure step and a longer time 
for development. 

[0065] Higher exposure sensitivity of a resist material has advantages such as a lower irradiation power for 
the exposure and a shorter exposure time corresponding to the pulse width or linear velocity. However, 
excessively high sensitivity has disadvantages such as unnecessary exposure during the focusing and 
adverse effects from the lighting environment in the process room. Therefore, the optimum exposure 
sensitivity is selected depending on the purpose in each case. Not only changing the oxygen content but 
also adding another transition metal to an incompletely oxidized transition metal is effective in controlling 
the exposure sensitivity of the resist material according to the present invention. For example, addition of 
Mo to W1-xOx improves the exposure sensitivity by about 30%. 

[0066] The exposure sensitivity can be controlled by not only changing the composition of a resist material 
but also selecting the material for the substrate or performing pre-exposure treatment on the substrate. In 
fact, a study was performed on the difference in exposure sensitivity between different kinds of substrates 
using quartz, silicon, glass, and plastic (polycarbonate) as the substrate. The study confirmed that the 
exposure sensitivity depends on the kind of substrate and, specifically, the order of the sensitivity is silicon, 
quartz, glass, and plastic. This order corresponds to that of thermal conductivity; a substrate with lower 
thermal conductivity exhibits higher exposure sensitivity. This is because a substrate with lower thermal 
conductivity causes a larger increase in temperature during the exposure and thus a large change in the 
chemical characteristics of the resist material. 

[0067] Examples of the pre-exposure treatment include forming an intermediate layer between a substrate 
and a resist layer, heat treatment, and ultraviolet light irradiation treatment. 

[0068] In particular, for substrates with high thermal conductivity, such as a silicon wafer of single crystal 
silicon, the exposure sensitivity can be properly improved by forming an intermediate layer with relatively 
low thermal conductivity on the substrate. This is because the intermediate layer improves the thermal 
charge of the resist material during the exposure. Materials suitable for the intermediate layer with low 
thermal conductivity include amorphous silicon, silicon dioxide (Si02), silicon nitride (SiN), and alumina 
(AI203). The intermediate layer may be formed by sputtering or other evaporation processes. 

[0069] Another substrate is made of quartz, is coated with an ultraviolet curable resin having a thickness of 
5 mu m by spin coating, and is irradiated with ultraviolet light to cure the liquid resin. The substrate was 
observed to have higher exposure sensitivity than an untreated quartz substrate. This can also be 
explained by the fact that the ultraviolet curable resin has thermal conductivity as low as that of a plastic 
material. 

[0070] Furthermore, the exposure sensitivity may be improved by pre-exposure treatment such as heat 
treatment and ultraviolet light irradiation. This is because the pre-exposure treatment, incompletely and to 
some extent, change the chemical characteristics of the resist material of the present invention. 

[0071] As described above, incompletely oxidized transition metal resists have a variety of characteristics 
determined by, for example, material compositions, development conditions, and the selection of a 
substrate. Furthermore, a two-layer resist process is outstandingly effective for extending a range of 
applications as a resist material. An outline of the two-layer resist process will now be described with 
reference to Figs. 4A to 4D. 

[0072] Referring to Fig. 4A, a second resist layer 32 is deposited on a substrate 31, and then a first resist 
layer 30 of an incompletely oxidized transition metal according to the present invention is deposited on the 
second resist layer 32. The second resist layer 32 is made of a material that provides significantly high 
selectivity to the incompletely oxidized transition metal of the first resist layer 30. 

[0073] Referring to Fig. 4B, the first resist layer 30 is exposed and developed to be patterned. 

[0074] Referring to Fig. 4C, the second resist layer 32 is etched through the mask pattern of the first resist 
layer 30 under etching conditions of high selectivity to transfer the pattern of the first resist layer 30 to the 
second resist layer 32. 
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[0075] Referring to Fig. 4D, the first resist layer 30 is finally removed to complete the patterning of the 
second resist layer 32. 

[0076] In applying a two-layer resist process to the present invention, for example, substantially infinite 
selectivity will be yielded between a first resist layer of an incompletely oxidized transition metal and a 
second resist layer by, for example, RIE or plasma etching using a fluorocarbon gas, quartz as a substrate, 
and a transition metal, such as Cr, as the second resist layer. 

[0077] The nanofabrication method of the present invention, as described above, uses resist materials of 
the above incompletely oxidized transition metals. This results in the advantage that exposure can be 
carried out by a combination of an inorganic resist and ultraviolet or visible light. These inorganic resists are 
quite different from conventional ones in that the conventional inorganic resists cannot be combined with 
ultraviolet or visible light as an exposure source because the conventional inorganic resists are optically 
transparent to ultraviolet or visible light, and therefore require an expensive exposure apparatus such as an 
electron beam or ion beam apparatus. 

[0078] Moreover, the nanofabrication method uses ultraviolet or visible light having a high drawing speed to 
greatly reduce the time required for exposure as compared to nanofabrication methods using the 
conventional inorganic resists and electron beams. 

[0079] Furthermore, the nanofabrication method uses the inorganic resist materials of incompletely oxidized 
transition metals to provide a clear pattern at the boundary between exposed and unexposed areas, 
thereby achieving high-precision nanofabrication. In addition to this, in exposure, the nanofabrication 
method permits focusing by an exposure source itself, leading to high resolution. 

[0080] To form a fine pattern, as described above, the nanofabrication method of the present invention 
employs an approach to decrease the proportional constant K in the relation represented by P=K. 
lambda /NA. This approach is different from the conventional approach to achieve nanofabrication at a 
shorter exposure wavelength lambda and a larger numerical aperture NA of the objective lens. This 
approach allows formation of a finer pattern using exposure apparatuses currently in use. Specifically, the 
present invention allows the proportional constant K to be below 0.8 and the minimum nanofabrication cycle 
f of a workpiece to be reduced as follows: 
f < 0.8 lambda /NA 



[0081] The present invention, therefore, achieves the provision of inexpensive devices allowing direct use 
of exposure apparatuses currently in use as well as finer processing. 



[Examples] 



[0082] Examples of the present invention will now be described according to the experimental results. 



<EXAMPLE 1> 



[0083] In Example 1 , a resist master for optical discs was prepared with incompletely oxidized trivalent 
tungsten as a resist material. 

[0084] A resist layer of incompletely oxidized tungsten was uniformly deposited on a glass substrate having 
a sufficiently smooth surface by sputtering. The sputtering was carried out with elemental tungsten as a 
sputtering target in an argon-oxygen mixed atmosphere, of which the oxygen gas concentration was 
changed to control the degree of oxidation of the incompletely oxidized tungsten. 

[0085] The deposited resist layer was analyzed with an energy dispersive X-ray spectrometer (EDX) to give 
x=0.63 in terms of composition W1 -xOx, wherein the resist layer was 40 nm thick; and the dependence of 
the refractive index on the wavelength was measured by spectroellipsometry. 
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[0086] The substrate covered with the resist layer was disposed on the turntable in the exposure apparatus 
shown in Fig. 1. The resist layer was irradiated with a laser having an irradiation power below the irradiation 
threshold power while the turntable was rotated at a predetermined rotational speed. The vertical position of 
the objective lens was adjusted with an actuator so that the laser was focused on the resist layer. 

[0087] While the optical system was fixed, the resist layer was moved together with the turntable to a 
desired radial position by the feed mechanism provided on the turntable and was irradiated to be exposed 
with pulsed light corresponding to pits according to information data. The exposure was carried out while 
the rotating turntable was moved continuously and slightly across the radius of the resist substrate, where 
the exposure wavelength was 0.405 nm; the numerical aperture NA of the exposure optical system was 
0.95; the linear velocity during the exposure was 2.5 m/s; and the irradiation power was 6.0 mW. 

[0088] After the exposure, the resist substrate was developed through a wet process with an alkaline 
developer. In the developing step, the resist substrate was developed in the alkaline developer while 
ultrasonic waves were applied to ensure the uniformity of etching. The developed substrate was sufficiently 
washed with pure water and isopropyl alcohol and then was dried by, for example, an air blast to finish the 
process. A tetramethylammonium hydroxide solution was used as the alkaline developer and the 
developing time was set to 30 minutes. 

[0089] Fig. 5 shows a developed resist pattern, which was observed with a scanning electron microscope 
(SEM). In Fig. 5, pits correspond to the exposed areas and are concave with respect to the unexposed area 
of the resist layer. This shows that the resist material of incompletely oxidized tungsten functions as a 
positive resist. Namely, in the resist layer of incompletely oxidized tungsten, the etching rate at the 
unexposed area was lower than that at the exposed areas so that the unexposed area of the resist layer 
substantially kept the deposited thickness after the development. In contrast, the exposed areas of the 
resist layer were removed by etching to reveal the surface of the glass substrate at these areas. 

[0090] The minimum pit size of the four pits shown in Fig. 5 was 0.15 mu m wide and 0.18 mu m long. This 
shows that the nanofabrication method using the resist material according to the present invention 
significantly increases resolution compared with the conventional organic resists, which probably have a pit 
width of 0.39 mu m. In addition, Fig. 5 shows that the edges of the pits are very clear. 

[0091] Furthermore, the width and length of the pits after the development varied with the irradiation power 
and pulse width of the exposure source. 



<EXAMPLE 2> 



[0092] In Example 2, a resist master for optical discs was prepared with incompletely oxidized trivalent 
molybdenum as a resist material. 

[0093] Example 2 employed nearly the same process as Example 1 except that molybdenum was used as 
a sputtering target. Through the process, a resist layer of incompletely oxidized molybdenum was deposited 
on a glass substrate, was exposed, and was developed to form pits, as shown in Fig. 6. The deposited 
resist layer was analyzed with an EDX to give x=0.59 in terms of composition Mo1-xOx. 

[0094] In contrast with incompletely oxidized tungsten, the resist layer of the incompletely oxidized 
molybdenum forms pits at exposed areas, which are convex with respect to an unexposed area, as shown 
in Fig. 6. This is because the incompletely oxidized molybdenum functions as a negative resist to the 
tetramethylammonium hydroxide solution. 



COMPARATIVE EXAMPLE 1> 



[0095] In Comparative Example 1 , a resist master for optical discs was prepared with completely oxidized 
trivalent tungsten as a resist material. 

[0096] A resist layer of completely oxidized tungsten was deposited on a glass substrate by sputtering. The 
deposited resist layer was analyzed with an EDX to give x=0.75 in terms of composition W1-xOx. In this 
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connection, electron diffraction analysis using a transmission electron microscope revealed that the 
crystalline state of incompletely oxidized monovalent tungsten was amorphous before exposure. 

[0097] This resist layer was exposed at irradiation power equivalent to that in Examples 1 and 2 or 
sufficiently high irradiation power. However, the resist layer did not provide selectivity more than 1 , thus 
failing to form a desired pit pattern. That is, the completely oxidized tungsten, optically transparent to the 
exposure source, had low absorption, which precluded the chemical changes of the resist material. 



COMPARATIVE EXAMPLE 2> 



[0098] In Comparative Example 2, a resist master for optical discs was prepared with completely oxidized 
trivalent molybdenum as a resist material. 

[0099] A resist layer of completely oxidized molybdenum was deposited on a glass substrate by sputtering. 
The deposited resist layer was analyzed with an EDX to give x=0.75 in terms of composition W1-xOx. 

[0100] This resist layer was exposed at irradiation power equivalent to that in Examples 1 and 2 or 
sufficiently high irradiation power. However, the resist layer did not provide selectivity more than 20.1 , 
failing to form a desired pit pattern. That is, the completely oxidized molybdenum, optically transparent to 
the exposure source as well as the completely oxidized tungsten, had low absorption, which precluded the 
chemical changes of the resist material. 



< EXAMPLE 3> 



[0101] In Example 3, a resist master for optical discs was prepared with incompletely oxidized trivalent 
tungsten and molybdenum as resist materials, and an optical disc was finally prepared. Fig. 7 shows an 
outline of the preparation process. 

[0102] An amorphous silicon intermediate layer 101 having a thickness of 80 nm was uniformly deposited 
on a substrate 100 of a silicon wafer by sputtering. A resist layer 102 of incompletely oxidized tungsten and 
molybdenum was further uniformly deposited on the substrate 100 by sputtering (Fig. 7(a)). The sputtering 
was performed in an argon atmosphere with a sputtering target of incompletely oxidized tungsten and 
molybdenum. The deposited resist layer was analyzed with an EDX to give 80:20 in the ratio of tungsten to 
molybdenum contained in the deposited incompletely oxidized tungsten and molybdenum, and 60 atomic 
percent in oxygen content. The resist layer had a thickness of 55 nm. Electron diffraction analysis by a 
transmission electron microscope revealed that the crystalline state of the incompletely oxidized 
monovalent tungsten and molybdenum were amorphous before exposure. 

[0103] In subsequent steps including exposure of the resist layer, a resist master 103 for optical discs was 
prepared as in Example 1 except for exposure conditions (Fig. 7(b) and (c)). The exposure conditions in 
Example 3 are as follows: exposure wavelength: 0.405 nm; numerical aperture NA of exposure optical 
system: 0.95; modulation: 17 PP; pit length: 112 nm; track pitch: 320 nm; linear velocity during exposure: 
4.92 m/s; exposure irradiation power: 6.0 mW; writing: simplified writing, the same as that for phase change 
discs. 

[0104] Fig. 8 shows an example of the resist master for optical discs after development, which was 
observed by SEM. The resist material of incompletely oxidized tungsten and molybdenum functioned as a 
positive resist. Fig. 8 shows that pits correspond to exposed areas and are concave with respect to the 
unexposed area of the resist layer. The length (diameter) of the pits formed was about 130 nm. This pit 
length is below the minimum pit length of 170 nm (0.17 mu m), which is required for a high-density optical 
disc with a recording capacity of 25 GB per side. The resist pattern had pits of the same shape at constant 
pitches of 300 nm in the pit line direction and 320 nm in the track direction, showing that pits can be formed 
stably. 

[0105] A metal nickel film was then deposited on the surface having the irregular pattern of the resist- 
pattered master by electroplating (Fig. 7(d)). The resist master was separated from the film, which was 
subjected to a predetermined process to provide a stamper 104 for molding (Fig. 7(e)). The stamper 104 
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had the same irregular pattern as that of the resist master. 

[0106] The stamper for molding was used to duplicate a resin disc 105 of polycarbonate, which is a 
thermoplastic resin, by injection molding (Fig. 7(f)). The irregular surface of the resin disc was then covered 
with a reflective film 106 of AL alloy (Fig. 7(h)) and a protective film 107 with a thickness of 0.1 mm to form 
an optical disc 12 cm in diameter (Fig. 7(i)). The above steps of producing the optical disc using the resist 
master were the known art. 

[0107] Fig. 9 shows an example of a pit pattern observed by SEM on a surface of the above optical disc. 
The pit pattern included pits such as ones with a length of 150 nm and linear ones with a width of 130 nm, 
which corresponded to the actual signal pattern. This indicates that the optical disc had a recording 
capacity of 25 GB. 

[0108] An eye pattern of RF signals was then read out from the above optical disc under the following 
conditions: 

tracking servo: push-pull method 

modulation: 17 PP 

pit length: 112 nm 

track pitch: 320 nm 

readout linear velocity: 4.92 m/s 

readout irradiation power: 0.4 mW 

Fig. 10 shows the signal evaluation of the eye pattern. 

[0109] The eye pattern as read out (Fig. 10A) was processed by conventional equalization to provide an 
eye pattern (Fig. 10B) showing a jitter value of 8.0%, and processed by limit equalization to provide an eye 
pattern (Fig. 1 0C) showing a jitter value of 4.6%. These sufficiently low values are satisfactory results in 
practice for a ROM disc having a recording capacity of 25 GB. 



Industrial Applicability 



[01 10] As is obvious from the above description, the resist material according to the present invention is 
made of an incompletely oxidized transition metal that absorbs ultraviolet or visible light. The resist material, 
therefore, allows exposure with exposure apparatuses currently in use, which use ultraviolet or visible light 
as an exposure source. Furthermore, the incompletely oxidized transition metal, having a small molecular 
size, is used as a resist material to provide an excellent edge pattern, permitting high-precision patterning. 

[0111] Accordingly, the nanofabrication method using such a resist material can simultaneously achieve the 
provision of inexpensive devices and finer processing: 
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1 . A resist material comprising an incompletely oxidized transition metal having an oxygen content lower 
than the stoichiometric oxygen content corresponding to a possible valence of the transition metal. 

2. The resist material according to claim 1, wherein the resist material comprises an amorphous inorganic 
material including the oxide. 

3. The resist material according to claim 1, wherein the transition metal comprises at least one of Ti, V, Cr, 
Mn, Fe, Nb, Cu, Ni, Co, Mo, Ta, W, Zr, Ru, and Ag. 

4. The resist material according to claim 3, wherein the incompletely oxidized transition metal is trivalent 
and 0<x<0.75 in terms of composition A1-xOx, wherein A is a transition metal. 

5. The resist material according to claim 4, wherein the transition metal comprises Mo or W. 

6. The resist material according to claim 1, wherein the incompletely oxidized transition metal further 
contains an element other than transition metals. 

7. The resist material according to claim 6, wherein the element other than transition metals comprises at 
least one of Al, C, B, Si, and Ge. 

8. A nanofabrication method comprising the steps of depositing a resist layer of a resist material including 
an incompletely oxidized transition metal having an oxygen content lower than the stoichiometric oxygen 
content corresponding to a possible valence of the transition metal on a substrate; selectively exposing the 
resist layer; and developing the resist layer to be patterned into a predetermined form. 

9. The nanofabrication method according to claim 8, wherein the resist material comprises an amorphous 
inorganic material including the oxide. 

10. The nanofabrication method according to claim 8, wherein the exposure is performed using ultraviolet 
or visible light. 

1 1 . The nanofabrication method according to claim 10, wherein the ultraviolet or visible light has a 
wavelength in the range of 150 to 410 nm. 

12. The nanofabrication method according to claim 8, wherein the development is performed using at least 
one of an organic alkaline aqueous solution, an inorganic alkaline aqueous solution, and an acid aqueous 
solution. 

13. The nanofabrication method according to claim 8, wherein the resist layer is formed on a substrate 
comprising at least one of glass, plastic, silicon, alumina-titanium carbide, and nickel. 

14. The nanofabrication method according to claim 13, wherein an intermediate layer having lower heat 
conductivity than the substrate is formed between the substrate and the resist layer. 

15. The nanofabrication method according to claim 14, wherein the intermediate layer is a thin film 
comprising at least one of amorphous silicon, silicon dioxide, silicon nitride, and alumina. 

16. The nanofabrication method according to claim 8, wherein the resist layer is formed by sputtering or 
evaporation. 

17. The nanofabrication method according to claim 16, wherein the sputtering is performed in an oxygen- 
containing atmosphere with a transition metal target. 

18. The nanofabrication method according to claim 8, wherein the transition metal comprises at least one of 
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Ti, V, Cr, Mn, Fe, Nb, Cu, Ni, Co, Mo, Ta, W, Zr, Ru, and Ag. 
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tafflizmmmxvv bxizrju-yzimxz imzx 

mmmt. wjxvmizv- -f^umm^xm 

%W&W-y£BJ&X'Z&frliZ^xmfeZti&. 
[ 0 0 1 5 ] mitt. ^KOWfflDVD (DVD-R 
OM) fctswctt, Xj'ynitMe'yMO. 4ju 
nu by-/9h'-y^0. 74jumWCy 

StlfcltSl 2cm^fa^^IC4. 7GB<7) 

[ooi6] <r?> x o *mfc<7mT<x?imizm% 
vvx bw&zmkth o y^attii, 1 

3nm^l^-ift. mn®tNAkLX0. 9 OWt (M 

tao. 95) nmnsyxktfm^htix^h. 
[0017] wmmmmmmeyimzi: 
%mizm\ mLtiZo&Krfjxwz&wxi*. m 
&mt§izi>RMm®&<Dft±zmm-& zkumm 

kZiiX^l. mm. fJtJV h'r^T 4X9 <m& 

m±jzbhwtktt3tT * xtiz&^xte. ztitxkm 
tm^sm^zi: mm 1 2 c m<mT< x?nm 

l,Z2 5GB(7)m.®&t:fttlik&Zk1)*m-tZtl&. Z 
«St(5^fcftdt SMt >y 0 . 1 7 ju 
m % h5«y^t-yf-S:0. 3 2/xmS«fc4TaBIIHtr 

[00 18] fci-?>T\ 3»>ifcfl£A (jum) f:L. 
^l^^X^PiSSrN A kthk. m&tihtiSSZ 
•y h^P (iim) (i, ( 1 ) Xmtlh. % 

P=K • A/NA - ( 1 ) 

k%z\s- ■?m.<ntt.mz£'>xmhmxfo Y ) . jt 
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095SRK{iU-if8Bfc WJX Mt«Mt 

[0019] mBDvom^yef^^amri^ 

izii. jfciO. 4 13^ liPifcNA^O. 9 0fc-r 

(i) x*)itm%.m=o. Qit%&. 

[0020] HKfKjWi, fozMKtzmfflmV'y bcom 

^tzg^§^i.SMh , <yh*o. 17 ummmm&tz 

At(±. ltM5mKZ~i£t U0y*tfNA = O. 9 5 
» !fift* i: LT A = 0 . 1 8 u m£D3fciS#& 

[00 2 1] iiTiBStfrSafc^O. 18wm(t (J; 

ifcft 1 9 3 n mtf)A r F l^-ifi 0 S . •! 

a commit b tms yxamufm hvxkumc t tc 
£^xmm%Mm$±.ifxmwMMxizm-tz* 
ttii, wmitnmmiizw^xmfrnmftmtfmx'Z 

So 

[0022] <eiT*f6WliiWJ: 3*«*WIBD1jS[& 

xvmma&zmti vttmw$&& -fc& 

- b ti*m&mmji&im*& z t * i w 
fc-r*. 

[0023] 

o 3 wo 3 ^<7)S^Jico^i?^%{±^**^^^ 
mxa^wtmmbthmmtuxmmx^ a . 

[0024] £*lfc*f LT» *aW6tt«Bt*>ttJIL 

6 fc z. wMimwmmxte-tiMmzm-z mm 
vmitiuxijm^nmtfflmx'h&ii t itz. 

ttcfr-h. MzX *)±m; ( 1 ) fcfevvtJtWj@RK 
jW8#S*1, «BK y M&P fc/hS < -f 4 £ fc 

[0025] *%mzm v fx bfflHti&Masuz 



fffttUftttMltettlJ: m>*>?*4 - fc £^ 
btt. 

[ 0 0 2 6 ] 4 fc, *^^ 5 MjDl^i, Sf£ 

Ahmtmmizmtu TmLxm&mmzw- 
[ o o 2 7 ] ; £ tv * o m^mm-^mmb \t . 

* J: 0 /hS v vTL^jco £ b b %3tt& . 
[ 0 0 2 8 ] £8®S<7>3gf£&Ji£#tfi§££ 

J4, ^ H H B ifjt^S)i»ia^^Ji^<7)-a5* J fi!i^ 

[0029] *JWHWl^^X h*fJRfcfflV^^lS»BfA 

zm$>zb%<m%ftmx'hz>. ttz. w&&mn* 
%-m\tmtm=FxhhtzMz . n^Hp^i^m 
wj* v iz&Kxmmbmmbvmwmb* 
h<r>x\ ztizuisxbtfmbixm^&zbi.zx'). 
■mg%\'i?xY>w-y*mz>c\btfX'*z>. 

[0030] 

[0031] *m&ui;z bttmit. w&$m&F& 

w&mcob >o o mmzmttzmmmix mm 
ttmm^ijftiziWcit&fonzb, t%b*>m 
mm<r)T^±m\mizmmm<?y&^mK ±ies 
immnb *) o zimizmitiit^mmLcommrG 

[0032] mar. mz&gnmmb lt^^m 

o O 3 »0|(z4t(f XWmt h . fl^WM o O 3 
SSrffljSfii^Mo! _ x O x mm-hb. x = 0. 7 

5 <o«^A«^iMfcfN!i-c* I) <r>\zn IX. 0 < x < 0 . 

7 5 x-m tL&a&iz^&mmi* otmttmm 

6 LtcT^mmx-hh fc s . 

[ 0 0 3 3 ] S^JST'ti 1 o«07cSA<{lit^ 



commm^z tx^ 4 a&ttmomft 1 1 
h . mtm o a , ^ica^fc 3 <i oBMHtr ( m o 
o 3 ) tfMigfeX'&ifiK wmzimcnmm <m 

oO) t#ft^-4. d^^fclifflJfciiJ-S-Mo! _ x o 

xfcfcJtt-Sfc. o<x<o. 5^«fHrtf*Sfc§fl: 
Wit. 3rfc> S#£JSSHt»{I$tti s 7jTj$o# 

c 0 0 3 4 1 ^<7> j; 0 %w&&m<?)^z£mt®&. m 

[ 0 0 3 5 J t £ 4T\ »BfAS(<0^^1Hb«rti. ft 
«e£4£fc##4U\ 

[0036] i^*x h*m*»j«-r*^*w«ri^AR 

blXli. Ti N V s Cr, Mn, Fe, Nb s Cu, 
Ni.Co.Mo.Ta, Z r % Ru. AgfA>'f 
Vfhilh. ZCDfyX'b. Mo, W, Cr, Fe, Nb& 

[ 0 0 3 7 ] m»&m<&&&MWtok LTHU 

i nnm&&mT^mim<miz . g 2 a&?&it 

£>4 1 fficoS^JR^co-^'fliioa^EE^T'S 

■C^4*^-C'^^ft^^i: 3*»£MBrt4.r i: b 
t4. 

[ 0 0 3 8 ] a*:, m^m^\^i&cr,7mk ixit. 

AUC, B,Si, Ge^d^*<4:*>ia*ffi 
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&mhz\ktfx'%h. 

1 0 0 3 9 3 3ri3. _tfBl^x hflflfct J3r£tf»K^ 
7 b £fflVtfcA r + 0 2 

;*>y?yy?'mt,z£iximnuz£\,\ mm. 

yrt-fa^mXtf^^fiSMzMLXO-z £5~2 0 
lOPa) fc-T4„ 

[0040] mmwx vw&*%\vtwm 
xmiz^xfflwtz. 

[0041] *m&mmiKrimi* mitf. mm 

ixwjxhmzMmt&xnk, wjxhmnz&m 
tmftLxmtzti&xmt. u ; jzhmzmmzj;-> 
xmfews?-yiztzxntfrt>%&. &.tx-h. % 

commuxirm^mmifzmiz^xmmt 1. 
m.. ft^rv-wx. isf^u, asf^-f^ 

[0042] [ us;^ hJf^fiKig] jtf , ^ffi* s ^ 
ttihwjx ym&mfth. mftmfmKmt ix 
&fflv ^ , T)Vdymmmm%*x'w >y ^ u y?- 

&m<w^±mm<mm&\ ^mmx-z 4 . 2 m 

<r>xn 7 SrSgi. 4 £ i: fc J: VMffl-fl . 

[ 0 0 4 3 ] 4fc N *fciB^kJR^->-*-y h frJBVVfe 

h^fflv^iiSor^^y^Hm^-cx^'-y ^ u 

[0044] Zt>lz, x;*y?yyymnm. 

i ~>x itWZM&ftzg&ftfafrteh u vx hm 

®%£im*imx'$>&. 

[0045] WSik LTfi. mx. #V*-#*-h 
[0046] l^y'X h«OJJWWittSfc|!t£BJ18T'ft4 



tf. mUf 10nm-80n mCD©Bl*l t^thZt #T 

[0047] [isisxhrnmioMim^ wjxym 
i) mi\,z^tihm%mw.v>?-y : r- tvh i 

[ o o 4 8 ] z. nrnmrnii . wxy rn^mt^ ti& 
mux v-^mmL-th t-Aa&B 1 2&mii> 

-Axru i ^-mm&wxi 5 *mix\s : jx 

frt><n%M%$: f-AJ5.ru -y? 1 4S.^B3tl/>Xl 

U vI(7)^Jli^*^#A>ill>7*- 
#X^£fI^18££ji!cU 7t-*X7?fai-^ 
1 9(3jMI>, 7t-^7^fai-^ 1 9J4, 
yXl 5<Oili$#|^fig»P£fin kOT£>l>. 9- 

vt—?)v\ lwmmm {mmx&mh. ) m 

t&^ttfx'^h. ttz, znmjtmmz&^xiz. f 
2 0 . 2 1 , ris v v 7 * v 

gft# 22k £S^V ^X , 1/— f 2 3 #t-A 
1 2 £fHffi| L*#&S3teXli7 * ->y/^ff 

[0 04 9] ^<0^1^Xb*^&&l^Xh«fc 
3 3 n m<0f^03ftl£ JJ'BfcffiS t , * OftT'7 * 

?fcK6 3 3 nm) <O«*fcifc0W-$fc#>fc, *3fcfcfll^ 
[00 50] dii^LT, iSflgl^'X N-C*4*S8ffl 
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- fc . siftSB t *^7tsp t -cox «y ^y?mm<m ( 3 
y h ?x v ) tomm^-fx 0 tz. 

t&ztiimm&w-p o&ffivmiw-t.ztf ix 

fc*>, P05fcM^)!!SJ!tA7-fc:J:->'C»3IStiSi#'C7 

mt%t)mftmw?>maxwkimm-$>tti>iz, m 
[0051] ±j£(vx 0 nz, mjamw^- p o*8!« 

1 $ri8tSt^^-yr-7;H l ^HSL^^offia 

[0052] ^L/Ts t'-A&til 1 2*»fe T3tSr 
811^6 i:lll$£*-y-r-77l'l 1^0K$^T. 1/ 

fc^-yr-7*;H l *^KWfcfifc&«£trai1^tt$ 

•frsifcti^t. ssmiiHifl<o}g«. -r^*>ie$ifflr 
< xtcom^iixsu 7)]s#<Dmftnm&t&, t 
tz. KTAXfcota&Mt. '$mm&<7)W&tixmm 

t>ti&T j x-rzimt&mzii, ?-vt-7)vi i 

X»i3K ! ¥»*iS««Ttt J S:< -y 7Wfc3S6 - fc J: 

[0053] j; a «fc 0 , ffl&T-filzjB 
tX e -y hX^rtW^JCLfcgaWHO/^-P om 

«^ i tmm&m.frhw&v vx y mizmi l . mst 

Zfid. mt'WXVMt:* H3 (a) (b) 
t^Ls a«3lW)08*H3 (c) fcjjrT. 
[0054] *SHH<03^feH<O^M8fl:»3&»fe*4 

v ximizm&xv*y7mmtfm%&k*m>mk 

[0055] # . H3J*^'7-&ffi<-rSg@<ja 



[ o o 5 6 ] itmmvvx htt 

fit . ifcH6 6 0 nmC7)#fe*^l^-^\ $£18 5 
nm, 2 54nnu &IA'4 0 5 nm;|I J g£t-?£^f^r 
[0 0 5 7] [l/S^hMiLP£] d^)idfc 

loos s ] imwmt ixa. Mxi&T)i<* vmo® 

ttfc X 4 *? x -y h Tn-fex t i o -CSiRlt£*#4 -I b ifi 
A#iMfcS»L KOH, NaOH, Na 2 CO 3 ^c04S 

Tiis &IL ML Kit. «8t?£fflv*4£fc#-c£ 

4. 4fc. *»5l#6tts <7x>yh7"o-fe;*.<7)flk T5 
XvXURJCtt'f^yxyf-y^ (Reactive Ion Etchi 
ng :RIE) fcDftmi) Yv4 ru^X\,Zi.r>X^. ti* 

mmsmmm'xnmititzwm-h zbizx mm* 
^mxfohz\b*m%Ltz. 
[00 5 9] zzx\ mmimommmz^xmw 
**. mtmt^^wo 3 x-mtizmmLmnwiik® 

ZM&MSW! - x o x jcf**Lfc** s xlio. 1 J: 
0. 7 5*»<0iSfirt^^*3lfijSiB6W»^ 

5. £<0fc2\ x = 0. ltt, R3fclSttJftS*§* 

4-0. 7 g&i: -f 4 .1 T'S *>i£v 6*1 

4. 

[ 0 0 6 0 ] ifc . ft&RM o O 3 X'$kZtl&m&&m 

comitm^m^w\^Mo. l _ x o x ic8wrL.fc*£. x 
«±o. o. 7 5ttwmRh?BX&*im 

BUmbtih. z\cr>b*. x = 0. ltt, «36lSfc*J 

fc, x£0. 4-0. lWLbti>c\b xm^^Wt 
[ 0 0 6 1 ] ifc, ft^M o OT'3l£ii4:I#&JS<9 

o. lio^ o. s^waairt-cftfiwrjtate®** 1 

#Ml4. x = 0. lit. »3tlStc*Jft* 

9*4*0^£#J^4(WHrc*4 . 
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[ o o 6 2 ] uis* bWFfrmimgum^n. mm 

ofc*S£#&fc4fc*>, fflIKJ:otii^l« 

T^mm\,z%2<nmz&M,*mi\!rth zttrntc 

*4. mm. W, _ x O x fcMo£»3lirrS£i:fc:J; 

o , h^i^^^j 3 o xmmm-th i k 4 . 

1 0 0 6 3 ] 4fcs P^'x 
ifi^^^l;§*4ffefc, a^^^tR-T4ifc^ £ 

wd>s v ^wmimmmmb^m^xh -> 

[0064] mmmmb ixit. wsitwj* bm 
bnmtztpmmm- mm. mm. wwsatt 

IWM&bmi. b«,z. mS H B H i/U3y*^5r4^ 
ij ay^xAcoJ; olzfMzMmffjzZ^mLZM^&m 

mm%>z\b\,z*.-ox. wmmmiMm-thz 

b 4 . 4>I3V J; o T^^cT) P ^ bflflV) 

ffim-immmom^cobix. r^vyr^v 
ax zs^-f* (s io 2 ) N mts/uay (si 

N) s 7;U5^ (A 1 2 0 3 ) ^rfc>'®LTV>4„ 4 
[00651 4^ 5 /im^hiK® 

fc*>feii^riei:*i. 6*1.4. 

i o o 6 6 ] s/i. mmmmammsm 

tVimZM-tZblzX^X. T^Z£X'lih&i>cr>cr>h& 

[0067] ±&<7) x a iz. ffiws.* mm&ft. m. 
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»&&»^ 2/Ii/^h£fi©6T^T'&l>. 
[0068] *»BH^^4R«J^iMkft3&» 

^s^io^^xhJisos-Jtss-frsfrt, 04 

( a ) liZ^ti 0 lzm®.3 1 ±££<9S5 1 <D\s : JX M 

[0069] mz. H4 (b) iZ^tXo^ miCOU 
0 fc*f LTS3»l^«*«I £ft t , ft 1 <0 
^^xM3 0Sr^>'^--y^-r§. 

[00 70] iXfc. ®l(7)l/yXM3 0H^^ 
-ySr^^fctTs ft2<0V'>'*.XWf 3 2fcSIS?fl#> 
m^v^yy&ftX'xv^yfzm . ifltiO, 

04 (c) IZjfctXolZ^ min]/isZbm30cr>W 
-y*%2<KV i JX M3 2 t&^-f & . 
[00 7 1 ] »1«1/^M30 Sr^*-ri» 

£fcfcJ:D, H4 (d) fcijcf-J: 3 WIS2 *>]✓$£* Mi 

[0072] 2mv*jx bmiz*mizmm-th 

WittfflRfc UT©5tfflv\ ft2tf)l^* 

mi^i/^hs^^-r-sa^^E^^M-fk 

[0073] jjLhSiHBLfci a fc, ^BJI^WfflflDl* 
^Xh*mtfflv^WC, USUI'S'** h Srfflv^rtffc, 

[ 0 0 7 4 ] «®^^av^h«Xtt^8!3KS' 

[0075] ifc. wmm^T^mtm^^hm 

Zfto ZktfX'Z h<F>X\ fcv^WHfl&fc* hZ. ktfX'% 
[0076] C:<7)J: 3 fc, *%BJOWJPl^{i. fit 

m&if-yzm&L-t&fchtzix. p=k ■ a/na 



* 0 . 8 k tl> £ J: J&fHTiBT* 0 , «aiDl1*K0ft/J> 

ftMAnxftft! f SrOT^i; a < -f S £ t tfX'% h 

<7)X'h&. f<0. 8 A/NA 

[0077] uc^t. *«wtiiuf , mmmit 

x'txtnmwmMxnmik zRmizmfct&z. t m 
mx°$>&. 

[0078] 

[0079] <H»J 1 >H» 1 T'Hu V i?x btf® 

kixw<?>3mw^£ffimzm^\ ftTiztmu 
[0080] ft-r. -fcft^mtztitztiv *w®± 

[ 0 0 8 1 ] imLtzU&z bJB$x%)\,*-#Wimx 
H^tilSS (Energy Dispersive X-ray spectrometer: 
EDX) IZXftffiltlbZb, ffl^fJ^Wj .,0,t 
$kltlt£l<Zx = 0. 63X'b~>tz. tfz, WJXVM 

[0082] HJi^jaSA«»7L!tU>''^ 

iait*-r^^ao^-yr-x;u±ta«L 

l l zy*-fiXtf'&d£ d \zT9^*.3u-?\Z.XWto\/V 
[0083] mz, Wm*ffl£LtiW8X\ ?-yr 

-7°Mzmt>titsmwffiizi: mmm^mMfiz^ 
iMtti. z\<7)tz. ?-yT-7>\sZ®m&zt 

m^&mzXWmZltZrft*. E^Srffd. m 
40 5nmi:U E^^^PIScNA 
SrO. 9 5kUfe. mitmnim&Z 2 . 5m/ 
stL HmW-t 6 . OmWt L/v! 0 
[0 084] mz^ mWmiLlzVitXYWsLZ. 7 



mzzxrv-txmTUz. rmmmtbix 

[ 0 0 8 5 ) H5 fc. j&^VHHRftt (Scanning Ele 
ctron Microscope :SEM) foX^LIzWM&VVVX 

isxhsn^vi-ywzxmzzti. m%mza^x 

[0086] H5t^-t4OC0tr«y h<oa*>. ft 
/K)t?-y Mi, HO. 1 5jum"Cfc9, 16// 

tims&toximtz^x. mrtmiriszh-cmi* 

iiSt^xMgO. 3 9 umkimiXmi^Mm&Oft 

7 istfimzwm* hnknoxmztthfrs. 

[ 0 0 87 ] ifc, 8«|^)ti» h«g&tf£SUts H 
ifiht^iz, 

[0088] <&jtffl 2 >£jfc0» 2 T'li . WJXh «JR 
ilTMo^3ffi^F^:£IM:$j£fflv\ 3tfa?l 

[0 089] yj*v99-?v hfcLTMotfflV^i 

m o <7)T^£mmfrt>%i v vx y mztfyxm&i. 
iztmzit. z<7)wjxvm*m:-m&i>xm6£5fi 

iEDXizxmu.it mmi^Mo^ _ x o x 

tm£2:#fcx = 0. 5 9X$>r>tz. 
[ 0 0 9 0 ] M o (0T^S«^5r51/^MT 

a. 

[009 1 ] <ifc«W 1 >Jt«« 1 T(i, 

xmrnwrnzmx-tz. 

[00 921'jfeT. x>t 7 ^ijy/atj:>), #5*36 
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•=E;W7r^."CS)'2)ii; tut . 
[0093] Z.OWJX hJI&ggjfcffl 1 &tfHS60lJ2 1 
H^Xfc^#fc3lvMH»^7-TB*Lfc#. 1 i 9* 

[0 0 94] <ib»J2>Jt»J2T'(i. l/^'7.h*m 
i:UMo^IttMo0 3 SrfflWCftr-fX^ffl 

[0095] xj^v ^ y y ^ffit i 9 . 

tz. tmLtzUiSxhmZEDXlzXtttfllzbZZ. 
fflfflSWi - x O x TfU^lt:x=0. 7 5Tfc 

[0 09 6] iWl/>' i ^MSrSlitWiaifSlitM2i: 

mmximMzm^mMw-xmitLtztiK 20. 1 j: 

[0097] <iatW3>sdtefi3rtt. u^htm 
t Lxw<?)3mtMo(?)3mb<7)^m£&iMfazm^x 

T<x?zimuz. zcommMwmm m 1 tss 
+. 

[0 0 9 8] 5fcff. y'Ja^XA^ISi 0 0i:U 

U 3 yfrtitch 1 0 1 £ 8 0 nmc7)JgJ¥T-£7-K 

fc M o fcO^MIflSfW*^** l/y^Mil02 
-tjSRtfe (H7 (a) ) . icOt#. WfcMofccO 

^%±mmfrt>%hx)^; nv 
3vwm&xxn»/?vv7*ft'>it. z<7)k%, m 

mUzUiSxhMZEDXlzXMmUzbz:^ 

tlfzWt M o t <m^±Wcmzii\ih^t M o i:OJt 
${i8 0 : 2 Of* 0 . BBRW**JWi6 0at.%t 
hiBcOMJf Ji5 5 nmT'&^fc. 

i>), WMoO^^g?-ft%<7)E3fcl0^ B B B ^{i7 ; E 

)v? r xxh h z. i mmziitz . 
[0099] wx vm<?>®.mmm\±. wmswx 
mtmm 1 fc n t^xmm^m\ ^f<x^m^ 

*JXhimi03ZmUz (®7 (b) , (c)>. 

• S3t^ : 0. 40 5nm 

• Itaei^^BHPftN A : 0 . 9 5 
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• $m : 1 7 P P 

■ t'>y 1 1 2nm 

• h77^t7f : 320nm 

• mfttifOWam : 4 . 9 2 m/s 

• IBBHW'*?- : 6. OmW 

■ : ffi^-fbx <r x ? t ftmzmm&z-tt 

[ 0 1 0 0 ] 08£. SEM«CTS»LfcSl««<03teT 

fc^oT^S. JBfifcSflfce (&) tittl 
30nmT"£>9. £"®2 5 G B<9S$£3fcT 4 X?fcg 
f$n§Mt7^17 0nm(0. 17/zm)OT 

^-yfctT. t-y hfl;ST&J(C3 0 0nm£«y^ 
■y ?:fr|tWC 3 2 0 n m f «y f-^)-g<0 1 >y f"CR— 

•y hBf&tHmX'&& z t tfvmztit: . 
[01013 WBRStio-CU^Msa^Oia 
fl^^-yiH±fc:A«~v^HR^«f{BS-fr (07 

(d) ) . ztLte]s&xhMmfrbMmz&&£.m& 

tUSSRAfW* 1 0 4 (07 ( e ) ) . 

[oio2] tnmmzfwtm^xxftimmiz 

EgmT4A?l0 5iimLt: (07(f)). ov^ 
T\ f^ffifllSSr 4Z?<nwm£A l £&tf>£ttffi& 1 
06 (07 (h) ) tmmo. 1 mm<0&gjg|l 0 7 i: 

i t J: 0 1 2 c mg^tf 4 *Wz 
(07 ( i ) ) . \2±<r)WJXYm»lpt> 3 i£f<< 

[O1O3109K. S E M IZTWMltzlS&tT A X 
-y h^N'^-ytO-M^-t. .ICl-C'fi. 15 
0 nml£Ot7h, ®1 3 0 nm?)«7)t 0 -y 
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